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ABSTRACT
We measure the central stellar velocity dispersion function for quiescent galaxies in a set of nine
northern clusters in the redshift range 0.18 < z < 0.29 and with strong lensing arcs in Hubble Space
Telescope images. The velocity dispersion function links galaxies directly to their dark matter halos.
From dense SDSS and MMT/Hectospec spectroscopy we identify ∼ 380 spectroscopic members in
each cluster. We derive physical properties of cluster members including redshift, Dn4000, and central
stellar velocity dispersion and we include a table of these measurements for 3419 cluster members.
We construct the velocity dispersion functions for quiescent galaxies with Dn4000 > 1.5 and within
R200. The cluster velocity dispersion functions all show excesses at σ & 250 km s
−1 compared to the
field velocity dispersion function. The velocity dispersion function slope at large velocity dispersion
(σ > 160 km s−1) is steeper for more massive clusters, consistent with the trend observed for cluster
luminosity functions. The spatial distribution of galaxies with large velocity dispersion at radii larger
than R200 further underscores the probable major role of dry mergers in the growth of massive cluster
galaxies during cluster assembly.
1. INTRODUCTION
In the standard ΛCDM paradigm, dark matter (DM)
halos grow hierarchically through accretion of neighbor-
ing substructures. Within DM halos, galaxies form and
evolve through a complicated interplay between the dark
and baryonic matter. Hierarchical structure formation
naturally leads to environmental effects because the host
DM halo mass plays a critical role in galaxy evolution.
For decades there have been many explorations of
environmental effects on galaxy properties including
morphology, color, mass, star formation rate, and the
ages of their stellar populations (e.g., Dressler 1980;
Balogh et al. 1999; Boselli & Gavazzi 2006; Park et al.
2007; Blanton & Moustakas 2009; Peng et al. 2010;
Paccagnella et al. 2016). At a fixed stellar mass,
clusters include quiescent galaxies that are older
than their counterparts in lower density environ-
ments (e.g., Kauffmann et al. 2004; Park & Hwang 2009;
Blanton & Moustakas 2009).
The luminosity function of galaxies has long been
used to link galaxies to their DM subhalos (e.g.,
Klypin et al. 1999; Vale & Ostriker 2004; Yang et al.
2008). The luminosity function can trace environmen-
tally induced changes in the DM subhalo mass dis-
tribution (Vale & Ostriker 2004). The analogous stel-
lar mass function is another observational tracer of the
underlying halo mass distribution (e.g., Moster et al.
2010; Wechsler & Tinker 2018; Behroozi et al. 2019).
Many studies show that the shapes of luminosity and
stellar mass functions vary with environment (e.g.,
Hwang et al. 2012; Calvi et al. 2013; Vulcani et al. 2013;
Davidzon et al. 2016; Papovich et al. 2018). For ex-
ample, based on the luminosity function for star-
jubee.sohn@cfa.harvard.edu
forming and quiescent populations at different redshifts,
Peng et al. (2010) propose a galaxy evolution model
based on a combination of mass quenching and environ-
mental quenching.
For the quiescent galaxy population, the stellar ve-
locity dispersion function complements the luminos-
ity and stellar mass functions (e.g., Sheth et al. 2003;
Chae 2010). The stellar velocity dispersion of a qui-
escent galaxy is a proxy for the dark matter halo
dispersion (Wake et al. 2012; Bogda´n & Goulding 2015;
Zahid et al. 2016, 2018). The central stellar velocity dis-
persion is insensitive to the complex physics of the evolv-
ing stellar population and to minor merging. Measuring
the stellar velocity dispersions is straightforward com-
pared to untangling the systematic errors in dense cluster
photometry that affect both the luminosity and stellar
mass measurements.
Determination of stellar velocity dispersion functions
requires large, dense spectroscopic surveys. Large
spectroscopic surveys (e.g., Sloan Digital Sky Survey
(SDSS) and Baryon Oscillation Spectroscopic Survey
(BOSS)) provide robust measurements of the general
field velocity dispersion function for quiescent galax-
ies (Sheth et al. 2003; Mitchell et al. 2005; Choi et al.
2007; Chae 2010; Montero-Dorta et al. 2016; Sohn et al.
2017b; Hasan & Crocker 2019). Sohn et al. (2017a) mea-
sure the velocity dispersion function for quiescent galax-
ies in the local massive clusters, Coma and A2029. Based
on homogeneous quiescent galaxy selection and veloc-
ity dispersion measurements, Sohn et al. (2017b) show
that the cluster velocity dispersion function significantly
exceeds the field velocity dispersion function for σ >
250 km s−1. This difference between the cluster and field
velocity dispersion functions underscores the dependence
of galaxy formation and evolution on local environment.
2Here we measure the velocity dispersion function for
nine massive clusters at 0.18 < z < 0.29. This set of
northern clusters have strong lensing arcs identified in
Hubble Space Telescope images taken before 2015. In
each cluster, we use the velocity dispersion of ∼ 140 spec-
troscopically identified quiescent members within R200
to construct the cluster velocity dispersion function. For
the first time, we investigate the shape of the cluster ve-
locity dispersion function as a function of cluster mass.
We discuss the results in the context of the current ob-
servational and theoretical pictures of galaxy evolution
in clusters.
We describe the cluster sample (including a table of
the relevant data) along with the photometric and spec-
troscopic measurements of cluster galaxies in Section 2.
In Section 3, we describe the details of constructing the
cluster velocity dispersion functions. We compare the
cluster velocity dispersion functions with previously pub-
lishes velocity dispersion functions for two local massive
clusters, Coma and A2029 (Sohn et al. 2017a) and for
quiescent galaxies in the field (Sohn et al. 2017b). In
Section 5, we discuss the interpretation of the cluster
velocity dispersion functions based on the previous the-
oretical and observational work. We conclude in Section
6. Throughout the paper, we adopt a ΛCDM cosmology
with H0 = 70 km s
−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.
2. DATA
We first describe the spectroscopic surveys. Then we
outline the identification of the quiescent cluster mem-
bers we use to measure the velocity dispersion functions.
We describe the target clusters in Section 2.1. Section
2.2 and Section 2.3 describe the photometric and spec-
troscopic data and the spectroscopic properties of the
cluster members.
2.1. Target Clusters
We examine the galaxy velocity dispersion functions of
nine clusters with 0.18 < z < 0.28. As of 2015, this sam-
ple included all northern strong lensing clusters in this
redshift range with Hubble Space Telescope (HST) imag-
ing. Our dense spectroscopic surveys of these clusters
enabled comparison of strong lensing and spectroscopic
measures of the masses of cluster galaxies (Monna et al.
2015, 2017).
Table 1 lists key properties of the target clusters in-
cluding ID, R.A., Decl., redshift, the number of spectro-
scopically identified members, the number of members
with a central stellar velocity dispersion measurement,
R200 and M200. Here, R200 is the radius that contains a
mean density 200 times larger than the critical density of
the universe, andM200 is the mass enclosed within R200.
We derive the number of spectroscopic members, R200
and M200 based on the caustic technique (Section 2.3.1,
Diaferio & Geller 1997; Diaferio 1999; Serra et al. 2011;
Serra & Diaferio 2013).
2.2. Photometric Data
We selected the photometric sample from the SDSS
Data Release (DR) 14 (Abolfathi et al. 2018). SDSS
provides a uniform SDSS provides a uniform photomet-
ric galaxy sample across the 30′ radius Hectospec field
of view. The source catalog includes all objects within
40′ of the cluster center. We cross-matched the objects
in the SDSS catalog with the DESI (Dark Energy Sur-
vey Instrument) Legacy Survey catalog DR8 (Dey et al.
2019). For r < 22 and R < R200, there are no Legacy
Survey matches for 5% of the objects in the SDSS cat-
alogs. The unmatched objects are blends of close stars,
high proper motion stars, and artifacts including diffrac-
tion spikes. We drop these objects from further consid-
eration. We then define galaxies as objects with either
an SDSS probPSF = 0 (probPSF : probability that the
object is a star) or a Legacy Survey classification other
than PSF. We use the Legacy Survey DR8 r model mag-
nitudes and extinctions in the following analysis.
2.3. Spectroscopic Data
Spectroscopically identified members with a central
stellar velocity dispersion measurement are the first
step in the construction of the velocity dispersion func-
tion. We compile previous spectroscopic data obtained
with three instruments: SDSS (Gunn et al. 2006), BOSS
(Dawson et al. 2013), and Hectospec (Fabricant et al.
2005). We obtain the SDSS and BOSS data from SDSS
DR14.
Hectospec is a 300 fiber-fed spectrograph at the MMT
covering a circular field with radius (R = 30′). We com-
pile Hectospec data from two previous surveys: Hec-
tospec Cluster Surveys (HeCS, Rines et al. 2013, 2016,
2018; Geller et al. 2014; Hwang et al. 2014) and the Ari-
zona Cluster Redshift Survey1 (ACReS, Haines et al.
2015, 2013). ACReS includes 7 of the 9 clusters in this
study: A68, A363, A611, A1689, A1835, A2390, and
RXJ 2129. A1703 was not included in either HeCS or
ACReS.
We carried out additional Hectospec observations for
all of the target clusters between 2011 and 2017, with
the objective of producing a magnitude-limited survey to
r = 20 within the Hectospec field of view (FoV). We used
the 270 line mm−1 grating following HeCS and ACReS.
Each Hectospec field was observed with three sequential
exposures of 1200 s (similar to the HeCS and ACReS).
The resulting Hectospec spectra cover 3750− 9100 A˚ at
R ∼ 1000; SDSS spectra cover 3800−9200 A˚ atR ∼ 2000
and BOSS spectra cover 3560−10400 A˚ also atR ∼ 2000.
We reduce the Hectospec spectra including HeCS
and ACRES spectra using the HSRED v2.0 package2.
We measure redshifts with the cross-correlation package
RVSAO (Mink & Kurtz 1998). We select reliable red-
shifts with RXC > 5 where RXC is the cross-correlation
score from RVSAO, slightly more conservative than the
selection from Rines et al. (2016). For ACReS objects,
we take the redshift from the ACReS catalog and con-
firm their results by visual inspection. The typical un-
certainty of the Hectospec redshifts is 30 km s−1. Table
1 summarizes the number of redshifts within R < R200.
We also derive Dn4000 (Fabricant et al. 2008) and the
central stellar velocity dispersion (Fabricant et al. 2013)
from the MMT Hectospec spectra.
Figure 1 shows the spectroscopic completeness as a
function of r−band magnitude for each cluster. We com-
pute the spectroscopic completeness within R200, where
1 http://herschel.as.arizona.edu/acres/data/acres data.php
2 http://oirsa.cfa.harvard.edu/archive/search/
3Table 1
The cluster sample
ID
R.A. Decl.
z Nmem
a
N200
b
N200,Q
c R200 M200
(deg) (deg) (Mpc) (1014 M⊙)
A2390 328.398383 17.697349 0.22829 479 227 159 2.34± 0.05 18.42± 1.13
A1703 198.766796 51.824892 0.27762 466 187 155 2.06± 0.10 13.22± 2.04
A1689 197.872924 -1.338086 0.18424 416 267 207 2.08± 0.21 12.31± 4.17
A1835 210.265371 2.879629 0.25063 364 178 132 2.02± 0.05 12.02± 0.93
A773 139.474430 51.736714 0.21728 441 212 156 1.99± 0.01 11.15± 0.16
A68 9.264441 9.178039 0.25045 254 137 110 1.89± 0.01 9.89± 0.18
A611 120.237028 36.051250 0.28730 400 178 135 1.84± 0.13 9.51± 2.12
RXJ2129 322.409370 0.084740 0.23387 368 120 99 1.77± 0.17 7.95± 2.53
A383 42.018376 -3.525639 0.18849 231 143 94 1.65± 0.03 6.15± 0.39
a The number of spectroscopic members.
b The number of spectroscopic members within R200.
c The number of quiescent members (Dn4000 > 1.5) with σ measurements within R200.
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Figure 1. Spectroscopic survey completeness as a function of r-band magnitude within Rcl < R200. Solid lines show the redshift
completeness and dashed lines show the velocity dispersion completeness regardless of Dn4000.
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Figure 2. Spectroscopic survey completeness map for galaxies brighter than r = 20 for each cluster. Darker color indicate higher survey
completeness. Solid circles show R200 for each cluster.
4the mass density is 200 times the critical density at the
cluster redshift (see Section 2.3.1). The spectroscopic
survey is typically & 65% complete at the survey limit
r = 20. Figure 2 displays a 2D map of the spectroscopic
completeness for each cluster to r = 20. Darker colors
indicate higher spectroscopic completeness.
2.3.1. Member Identification
We use the caustic technique (Diaferio & Geller 1997;
Diaferio 1999; Serra & Diaferio 2013) to identify spec-
troscopic members. This technique was originally de-
veloped to measure the dynamical mass of galaxy clus-
ters (Diaferio & Geller 1997), but it is also a valu-
able technique for determining cluster membership.
Serra & Diaferio (2013) demonstrate that the caustic
technique identifies 95% of members within 3R200 of
simulated clusters with ∼ 180 members in fields con-
taining ∼ 1000 galaxies. Several previous observational
studies of galaxy clusters use the caustic technique for
membership determination (e.g., Rines & Diaferio 2006;
Rines et al. 2013; Hwang et al. 2014; Rines et al. 2016,
2018; Sohn et al. 2017a, 2019b, 2020).
Figure 3 shows the relative galaxy velocity difference in
the rest frame with respect to the mean cluster redshift
for each cluster as a function of projected clustercentric
distance (the R-v diagram). Blue curves indicate the
caustic pattern. The galaxies within these boundaries
are identified as cluster members (black open circles);
red filled circles indicate quiescent cluster members with
velocity dispersion measurements. For the set of clusters,
there are 120 - 267 spectroscopic members within R200
and the mean number of cluster members is 183.
The caustic technique yields the mass profile as a func-
tion of clustercentric distance. Based on this mass pro-
file, we compute M200 and R200 (see Table 1). M200
ranges from 6.1× 1014M⊙ to 1.8× 10
15M⊙ with a mean
of 1.1×1015M⊙; R200 ranges from 1.65 Mpc to 2.34 Mpc
with a mean of 1.96 Mpc.
We include a catalog of spectroscopically identified
members of the target clusters. Table 2 lists Cluster ID,
SDSS object ID, R.A., Decl., redshift, and the r−band
apparent and absolute magnitudes of the cluster mem-
bers (not limited by Rcl < R200, where Rcl is the clus-
tercentric distance). We also list spectroscopic quantities
including Dn4000 and σ (see below) used for deriving the
velocity dispersion functions.
2.3.2. Dn4000
Dn4000 is a useful spectral index that probes the stel-
lar population age (e.g., Kauffmann et al. 2003). Fol-
lowing Balogh et al. (1999) we define Dn4000 as the flux
ratio between 3850 − 3950A˚ and 4000 − 4100A˚. We
measure Dn4000 from spectra obtained with the SDSS,
BOSS, and Hectospec spectrographs. The Dn4000 val-
ues from these spectrographs are consistent within ∼ 5%
(Fabricant et al. 2013).
A Dn4000 of 1.5 corresponds to a stellar population 1
Gyr old, and increases monotonically as the stellar pop-
ulation ages (Kauffmann et al. 2003). Thus, Dn4000 is
widely used to identify quiescent galaxies. Following pre-
vious studies exploring the velocity dispersion of quies-
cent galaxies (Sohn et al. 2017a,b; Zahid et al. 2016), we
select quiescent galaxies with Dn4000 > 1.5.
2.3.3. Central Stellar Velocity Dispersion
We obtain velocity dispersion measurements for SDSS
and BOSS galaxies from the Portsmouth reduction
(Thomas et al. 2013). These measurements are consis-
tent with the Hectospec measurements (Fabricant et al.
2013). The Portsmouth reduction derives veloc-
ity dispersions using Penalized Pixel-Fitting (pPXF,
Cappellari & Emsellem 2004). The best-fit velocity dis-
persions are derived by comparing SDSS spectra with
stellar population templates (Maraston & Stro¨mba¨ck
2011) generated from the MILES stellar library
(Sa´nchez-Bla´zquez et al. 2006). We obtained the
Portsmouth velocity dispersion for less than 12 spec-
trscopic members in each cluster. The typical uncer-
tainty of the Portsmouth velocity dispersion for cluster
members is 12 km s−1.
We measure central stellar velocity dispersions from
Hectospec spectra using the pPXF-based UlySS code
(University of Lyon Spectroscopic analysis Software,
Koleva et al. 2009). We construct stellar population
templates based on the MILES stellar library using the
PEGASE-HR code (Le Borgne et al. 2004). ULySS con-
volves these templates to the Hectospec resolution at
varying velocity dispersions, stellar population ages, and
metallicities, and then finds the best-fit age, metallicity,
and velocity dispersion through chi-square minimization
of the template fits. To minimize the uncertainty in the
velocity dispersion (Fabricant et al. 2013), we derive the
fit within the rest-frame spectral range 4100 − 5500 A˚.
The typical uncertainty of the Hectospec velocity disper-
sion for cluster members is 24 km s−1.
There are 12 cluster members with very large velocity
dispersions (σ > 350 km s−1, Bernardi et al. 2008). We
visually inspect their SDSS images and the velocity dis-
persion fits. Six of these objects with large dispersion are
indeed bright galaxies with genuinely large σ; most are
brightest cluster galaxies. The ULySS fits to the spectra
for the remaining six galaxies fail to converge properly at
the known galaxy redshifts due to the poor quality of the
spectra. We thus exclude these six objects from further
consideration.
We apply an aperture correction to compute consis-
tent velocity dispersions from the SDSS, BOSS, and Hec-
tospec data obtained with different spectrograph aper-
tures. The aperture correction also provides consistent
velocity dispersions for cluster galaxies at different red-
shifts. We use the aperture correction from Zahid et al.
(2016): σA/σB = (RA/RB)
β , where R is the aper-
ture size. The aperture correction coefficient we use is
β = −0.059± 0.014 derived from the galaxies with both
Portsmouth and Hectospec velocity dispersion measure-
ments (Sohn et al. 2019b). This aperture correction is
consistent with results from integral field spectroscopy
(Cappellari et al. 2006). For consistency with previ-
ous velocity dispersion functions (Sohn et al. 2017a,b,
2019b), we compute the velocity dispersion within a fidu-
cial 3 kpc aperture. The aperture corrected velocity dis-
persion (σ) we derive is: σ = σraw∗(3kpc/Rphysical(z))
β ,
where σraw is the raw velocity dispersion measurement
and Rphysical(z) is the physical size of the fiber aperture
of the spectrograph, measured at the redshift of each
galaxy. The aperture correction is typically only ∼ 5%.
Hereafter, the stellar velocity dispersion (σ) indicates the
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Figure 3. Rest-frame clustercentric radial velocity as a function of projected clustercentric distance. Black open and red filled circles
indicate cluster members and the quiescent cluster members with a velocity dispersion measurement, respectively. Gray circles indicate
spectroscopically identified non-members. Blue solid lines show the caustics for each target cluster and the shaded regions indicate the
uncertainty in the caustics. The vertical dashed lines mark R200.
Table 2
Spectroscopic Members
Cluster SDSS ObjID R.A. Decl. z r Mr Dn4000 σ
(deg) (deg) (mag) (mag) (km s−1)
A2390 1237680297267954250 328.311665 17.634877 0.2262 ± 0.0001 18.57 -21.65 1.23± 0.03 98± 12
A2390 1237680297267954147 328.249936 17.672913 0.2290 ± 0.0001 18.86 -21.60 1.67± 0.07 134± 23
A2390 1237680297267954148 328.253163 17.675519 0.2249 ± 0.0001 19.22 -21.13 1.44± 0.07 · · ·
A2390 1237680297268020299 328.390579 17.536742 0.2263 ± 0.0001 19.53 -20.97 1.89± 0.08 114± 21
A2390 1237680297268020675 328.482933 17.550532 0.2323 ± 0.0001 19.95 -20.55 2.03± 0.19 59± 34
A2390 1237680297268020338 328.389801 17.582862 0.2341 ± 0.0001 19.90 -20.60 1.66± 0.07 164± 18
A2390 1237680297268020635 328.455222 17.625013 0.2255 ± 0.0002 19.57 -20.95 1.61± 0.07 132± 28
A2390 1237680297268020399 328.387204 17.662835 0.2168 ± 0.0002 20.52 -19.94 1.43± 0.16 93± 59
A2390 1237680297268020236 328.340551 17.679817 0.2258 ± 0.0001 19.67 -20.66 1.42± 0.09 178± 48
A2390 1237680297268019264 328.357527 17.701409 0.2387 ± 0.0002 20.28 -20.24 1.73± 0.12 149± 36
The entire table is available in machine-readable form in the online journal. Here, a portion is shown for guidance regarding its
format.
value within the 3 kpc aperture.
Figure 4 shows the stellar velocity dispersion versus the
absolute magnitude of members in each cluster. Brighter
galaxies generally have larger velocity dispersions. The
scatter in the velocity dispersion is larger for less lumi-
nous galaxies. This large scatter complicates the conver-
sion between absolute magnitude and velocity dispersion,
a relation that is critical for correcting the incomplete-
ness of the spectroscopic survey.
Red symbols in Figure 4 indicate the brightest clus-
ter galaxies (BCGs) in each cluster. We identify these
BCGs among cluster members based on their brightness
and we confirm the identification by visual inspection
(see Sohn et al. 2020). Although the BCGs are by defi-
nition the brightest member, they do not necessarily have
the largest velocity dispersion. Bright galaxies with high
velocity dispersions (Mr < −23) are interesting objects
rarely seen in the general field environment (Zahid et al.
2016).
Figure 5 contrasts various properties of cluster mem-
bers with large and small central stellar velocity disper-
sion. Figure 5 (a) displays the distributions ofMr of clus-
ter members with log σ > 2.4 (σ ∼ 250 km s−1, hatched
histogram) and members with log σ ≤ 2.4 (open his-
togram). Figure 5 (d) shows the cumulative distributions
of Mr for cluster members with log σ < 2.4 (black lines)
and log σ ≥ 2.4 (red lines). The two populations show
different distributions; the larger σ galaxies are generally
brighter than their smaller σ counterparts. A K-S test
also demonstrates that these distributions are not drawn
from the same parent distribution (p = 5.6× 10−16).
Figure 5 (b) and (e) compare the distributions of
Dn4000 for the two populations. In Figure 5 (e), the
large σ population contains more old, highDn4000 galax-
ies than the low σ population. In other words, the large
σ galaxies tend to be older than their lower σ counter-
parts. The K-S test shows that indeed the Dn4000 distri-
butions of two populations are not drawn from the same
underlying population (p = 6.0 × 10−12). This trend is
consistent with the correlation between σ and Dn4000
(Zahid & Geller 2017).
Figure 5 (c) and (f) show the distributions of pro-
jected clustercentric distances (Rcl/R200) of the two pop-
ulations. The K-S test probability is identical to zero
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Figure 4. Stellar velocity dispersion as a function of Mr in each cluster (within Rcl < R200). Red star symbols indicate the BCG in each
cluster.
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Figure 5. Distributions of (a) absolute magnitude, (b) Dn4000,
and (c) normalized projected distance from cluster center for clus-
ter members with log σ < 2.4 (black open histograms) and with
log σ ≥ 2.4 (red hatched histograms). Panel (d), (e), (f) show
the cumulative distributions of Mr , Dn4000, and normalized clus-
tercentric distance for panels (a)-(c). Black solid and red dashed
lines show the cumulative distributions for cluster members with
log σ > 2.4 and for those with log σ < 2.4, respectively
(p = 6.1 × 10−5) indicating that these distributions are
not drawn from the same underlying distribution. The
large σ galaxies show a slight concentration toward clus-
ter center compared to the low σ galaxies.
In summary, cluster members with large σ are gener-
ally brighter, older, and more concentrated toward the
cluster center than members with low σ. These charac-
teristics are similar to the properties of the galaxy pop-
ulations in Coma and A2029 (Sohn et al. 2017b).
3. CLUSTER VELOCITY DISPERSION FUNCTIONS
The velocity dispersion function counts the number of
cluster member galaxies as a function of their velocity
dispersion. As in the derivation of the galaxy luminos-
ity, corrections for the inevitable incompleteness of the
samples are critical. We introduce the basic idea of the
completeness correction in Section 3.1. We describe the
empirical corrections we derive based on a larger set of
galaxy clusters in Section 3.2. We derive the cluster ve-
locity dispersion in Section 3.3. In Section 3.4 we show
the resulting cluster velocity dispersion functions.
3.1. Completeness Correction for the Velocity
Dispersion Function
The incompleteness of spectroscopic surveys naturally
impacts the determination of the velocity dispersion
function. Figure 1 indicates that the spectroscopic com-
pleteness of our survey falls to 50% at ∼ 20.5 for each
cluster. At the median z = 0.23 for the cluster sam-
ple, r = 20.5 corresponds to Mr = −19.8, corresponding
roughly to a velocity dispersion σ = 100 km s−1 (see Fig-
ure 4). The incompleteness correction and its uncertainty
are substantial for velocity dispersions . 160 km s−1.
We also correct for cluster members with spectra of
insufficient quality to yield a velocity dispersion. The
dashed lines in Figure 1 show the velocity dispersion
completeness within R200 for each cluster. Fortunately,
the correction for galaxies with a spectrum but without
a velocity dispersion is small in our sample clusters be-
cause we measure the velocity dispersion for most cluster
members.
The overall completeness correction requires a two-step
process: 1) estimation of the number of missing cluster
members in the photometric sample and 2) estimation
of the velocity dispersions of a missing cluster member
from its luminosity. To count the number of missing
cluster members, the member fraction among photomet-
ric galaxies is required. The derivation of the member
fraction is complicated because the member fraction is a
function of absolute magnitude (Mr), clustercentric dis-
tance (Rcl), and Dn4000 (or color). We use the member
fraction measured in each sample cluster (Section 3.3).
Furthermore, the estimation of the velocity dispersion
from the galaxy luminosity is also not straightforward.
Figure 4 (see also Zahid et al. 2016; Sohn et al. 2017b)
shows the large scatter around the correlation between
velocity dispersion and luminosity. This correlation be-
tween velocity dispersion and luminosity (or stellar mass)
7also depends on Dn4000 (Zahid & Geller 2017). To re-
duce the uncertainty in the velocity dispersion estimated
from luminosity, we derive an empirical relation based
on a large sample of cluster galaxies with luminosity,
Dn4000, and velocity dispersion measurements.
3.2. Empirical Distributions from HeCS-omnibus
The HeCS-omnibus dataset (Sohn et al. 2020) pro-
vides the empirical distributions that are the basis for
incompleteness correction. HeCS-omnibus is a compi-
lation of spectroscopic data for 225 galaxy clusters at
0.02 < z < 0.29 (Rines & Diaferio 2006; Rines et al.
2013, 2016, 2018; Haines et al. 2015; Sohn et al. 2017a).
HeCS-omnibus includes cluster membership based on the
caustic technique. K-corrected absolute magnitudes and
central velocity dispersions analogous to the quantities
measured here. To avoid introducing systematic bias, we
select 49 well observed clusters within the redshift range
of our target clusters (0.18 < z < 0.29) as a foundation
for the correction.
We derive the velocity dispersion distribution of the
HeCS-omnibus galaxies in various Mr and Dn4000 bins
(the luminosity-σ-Dn4000 relations). Sohn et al. (2017a)
derived a similar probability distribution functions based
on SDSS field galaxies and used them for estimating miss-
ing velocity dispersions. The relationship between abso-
lute magnitude and central velocity dispersion is essen-
tially identical for the HeCS-omnibus clusters and the
sample of nine clusters we describe in detail here.
Figure 6 shows the velocity dispersion distribution of
the HeCS omnibus galaxies within R200 in various Mr
and Dn4000 bins. In each cluster, we compute Mr for
all photometric galaxies within R200 by assuming they
have the mean cluster redshift. We then stack all HeCS-
omnibus galaxies in Mr and Rcl bins; −19 > Mr ≥ −24
in 1.0 magnitude bins and Rcl/R200 in 0.25 Rcl/R200
bins. From the stacked sample, we derive the veloc-
ity dispersion distributions in three Dn4000 bins (1.5 ≤
Dn4000 < 1.7, 1.7 ≤ Dn4000 < 1.9. and 1.9 ≤ Dn4000).
Based on these velocity dispersion distributions, we as-
sign the velocity dispersion for galaxies without a mea-
surement based on their Mr and Dn4000.
3.3. Construction of the Velocity Dispersion Function
We correct the velocity dispersion function following
the approach in Sohn et al. (2017a). Figure 7 summa-
rizes the correction process. The steps in Figure 7 are:
1. We compute the absolute magnitudes of galaxies
in the photometric sample by assuming that each
photometric galaxy without a spectrum is at the
mean cluster redshift.
2. We count the number of photometric galaxies in
Mr and Rcl/R200 bins (Nphot(Mr, Rcl/R200)). The
bins in Mr and Rcl/R200 are the same as the ones
we use for the spectroscopic member fraction for
HeCS-omnibus (Figure 6).
3. We estimate the number of member galaxies (Ncor)
that need a statistical σ estimate (galaxies without
a σ measurement) in Mr and Dn4000 bins. Here,
Ncor is defined as
Ncor(Mr, Dn4000) = Nmem,no σ(Mr, Dn4000)
+Nmissing(Mr, Dn4000),
where Nmem,no σ is the number of spectro-
scopic members without a σ measurement and
Nmissing(Mr, Dn4000) is the number of statis-
tically probable member galaxies without spec-
tra. We estimate the number of probable member
galaxies (Nmissing) from the number of photomet-
ric galaxies without spectra inMr, Rcl and Dn4000
bins:
Nmissing(Mr, Dn4000) =
1∑
R′=0
(Nphot(Mr, R
′)−Nspec(Mr, R
′))
× fmem(Mr, R
′, Dn4000),
where R′ is Rcl/R200, Nphot(Mr, R
′) and
Nspec(Mr, R
′) indicate the number of photo-
metric and spectroscopic galaxies in each Mr and
Rcl/R200 bin. The spectroscopic member fraction,
fmem(Mr, R
′, Dn4000) is defined as follows:
fmem(Mr, R
′,Dn4000) =
Nspec.mem(Mr, R
′)
Nphot(Mr, R′)
×
Nspec.mem(Mr, R
′, Dn4000)
Nspec.mem(Mr, R′)
.
Here, Nspec(Mr, R
′, Dn4000) is the number of spec-
troscopic members in each Mr, Rcl/R200 and
Dn4000 bin. We calculate the member fraction
in Dn4000 bins, because we have to estimate the
Dn4000 of missing member galaxies in order to es-
timate their velocity dispersion. Estimating the
Dn4000 of missing member galaxies determines the
luminosity - σ - Dn4000 relation (see Figure 6) we
use to compute σs. We note that our analysis is
robust to bin size changes.
4. We randomly draw Ncor(Mr, Dn4000) velocity dis-
persions from the parent velocity dispersion distri-
bution determined from the HeCS-omnibus sample
(Figure 6).
5. The number of cluster members in each velocity
dispersion bin is the velocity dispersion function.
6. We repeat step 4 and 5 a thousand times each and
take the mean as the final estimate of the velocity
dispersion function. We propagate the uncertain-
ties in the number counts for missing galaxies to
determine the uncertainty in the velocity disper-
sion function.
3.4. Cluster Velocity Dispersion Functions
Figure 8 shows the individual cluster velocity disper-
sion functions (VDFs) sorted by dynamical mass (M200).
Black and red symbols show the raw and corrected VDFs,
respectively. The correction for missing velocity disper-
sions is larger at low velocity dispersion. There is a small
correction at large velocity dispersion (log σ > 2.3). This
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Figure 6. Velocity dispersion distributions of the HeCS-omnibus cluster members in various Dn4000 and absolute magnitude bins. Panels
on the right side show brighter cluster members and the upper panels show cluster members with larger Dn4000.
small correction results from the large spread in the ve-
locity dispersion - magnitude relation for fainter galaxies;
faint objects with large central velocity dispersion ac-
count for the small correction at large dispersion. Table
3 contains the corrected VDF for each sample cluster.
We fit the cluster VDFs with a Schechter function in
the range 2.1 < log σ < 2.6 (green dashed lines in Figure
3). The Schechter function is widely used to characterize
luminosity or stellar mass functions. Previous VDF stud-
ies sometimes use a modified Schechter function (equa-
tion 4 in Sheth et al. 2003) to fit the VDF (Choi et al.
2007; Chae 2010; Montero-Dorta et al. 2016; Sohn et al.
2017a,b). We do not follow this practice because the
modified Schechter function has an additional parame-
ter that is poorly constrained with the present data. We
summarize the best-fit Schechter function parameters in
Table 4.
4. COMPARISON WITH OTHER VELOCITY DISPERSION
FUNCTIONS
4.1. Comparison with Local Massive Clusters
There are measurements of galaxy velocity dispersion
functions for only a few clusters. Munari et al. (2016)
examine the circular velocity distribution of a nearby
cluster, A2142. Sohn et al. (2017a) measured the VDFs
of the two local massive clusters, Coma and A2029, with
∼ 500 quiescent galaxy velocity dispersion measurements
in each cluster. The shapes of Coma and A2029 VDFs
are essentially identical.
Here we compare the cluster VDFs for the current sam-
ple with the Coma and A2029 VDFs. This comparison
is straightforward because all the VDFs are measured
consistently. Sohn et al. (2017a) also use 3 kpc aperture
corrected velocity dispersion for quiescent galaxies with
Dn4000 > 1.5. They also correct empirically for incom-
pleteness in the VDFs using a similar technique.
Figure 9 displays VDFs for the current sample (solid
lines) and for Coma (dotted line) and A2029 (dashed
line). The cluster VDFs generally have similar shapes
although the normalizations are slightly different. The
normalization depends on cluster mass; more massive
clusters tend to contain more galaxies.
Figure 10 (a) allows direct comparison of the VDF
slopes at log σ > 2.3. We derive the mean clus-
ter VDFs for the clusters in four mass bins: 0.61 ≤
(M200/10
15M⊙) ≤ 0.80, 0.95 ≤ (M200/10
15M⊙) ≤ 1.11,
1.20 ≤ (M200/10
15M⊙) ≤ 1.32, and (M200/10
15M⊙) =
1.84. We normalized cluster VDFs at log σ = 2.25 to
compare the shape of the VDFs at the large velocity dis-
persion end.
The VDFs steepen with increasing cluster mass; the
low mass clusters have a larger proportion of high σ
galaxies. For example, A773 and A68 have ∼ 6 galaxies
with log σ > 2.5; the most massive cluster in our sam-
ple, A2390, has only two galaxies with log σ > 2.5. We
derive the best-fit power law at log σ > 2.2: (N/100) =
a log10 σ + b. Figure 10 (b) plots the power-law slope
(a) as a function of cluster mass. Although the slope
measurement uncertainties are large, the slope clearly
increases with cluster mass.
The slope of the cluster VDF is determined mainly by
the number of galaxies in the largest σ bin (2.5 < log σ ≤
2.6). In other words, more massive clusters include fewer
galaxies in the largest σ bin. The interpretation of this
result is subtle. Massive clusters indeed have large σ
BCGs, and the σ of BCG is proportional to the cluster
mass (Sohn et al. 2020). In other words, more massive
clusters have fewer galaxies with 2.5 < log σ ≤ 2.6, but
their members in this bin have larger σ.
4.2. Comparison with the Field Velocity Dispersion
Function
There are several VDF measurements for quiescent (or
early-type) galaxies in the field based on SDSS and/or
BOSS spectroscopy (Sheth et al. 2003; Mitchell et al.
2005; Choi et al. 2007; Chae 2010; Montero-Dorta et al.
2017; Sohn et al. 2017b). These field VDFs differ from
one another possibly due to differences in sample selec-
tion.
Sohn et al. (2017b) compare the field VDF with the
cluster VDFs for Coma and A2029. To derive a com-
plete field VDF, they construct a σ-complete sample
9Table 3
Corrected Velocity Dispersion Functions
log σ A2390 A1703 A1689 A1835 A773 A68 A611 RXJ2129 A383
2.05 65.60± 7.64 47.60 ± 6.37 81.61± 8.36 45.52± 6.22 52.50 ± 6.66 29.59± 4.92 58.66 ± 6.96 31.02± 5.21 34.08± 5.30
2.15 97.71± 9.10 66.71 ± 7.54 100.10 ± 9.12 71.63± 7.48 72.54 ± 7.72 54.12± 6.64 75.46 ± 7.69 38.97± 5.65 39.59± 5.47
2.25 75.20± 7.93 58.18 ± 6.96 81.61± 8.33 74.86± 7.94 69.35 ± 7.64 40.61± 6.00 64.37 ± 7.39 30.48± 5.08 29.12± 5.04
2.35 51.58± 6.90 28.65 ± 4.96 51.40± 6.84 43.76± 6.20 47.32 ± 6.61 28.15± 5.22 39.64 ± 6.14 26.58± 4.99 14.11± 3.64
2.45 20.63± 4.43 22.57 ± 4.52 17.92± 4.06 21.87± 4.51 15.81 ± 3.72 12.91± 3.55 12.26 ± 3.39 11.12± 3.24 6.49± 2.48
2.55 1.94± 1.39 2.94± 1.68 3.49± 1.76 4.22± 2.01 6.35± 2.42 4.96± 2.23 5.86± 2.43 3.76± 1.95 1.83± 1.35
Table 4
Best-Fit Schechter Function
Parameters
ID α σ∗ (km s−1)
A2390 4.40± 1.08 28.93+5.48
−4.61
A1703 2.66± 1.13 40.02+11.44
−8.90
A1689 3.56± 1.09 33.67+7.59
−6.20
A1835 4.08± 1.09 32.72+7.13
−5.86
A773 3.22± 1.15 38.25+10.43
−8.19
A68 3.52± 1.71 36.09+15.53
−10.86
A611 2.32± 1.26 45.44+16.76
−12.24
RXJ2129 1.75± 1.35 53.66+25.53
−17.30
A383 2.27± 1.72 42.02+21.00
−14.00
Coma* 4.90± 1.80 24.75+7.42
−5.71
A2029* 4.46± 1.70 27.85+8.88
−6.73
* VDFs from Sohn et al. (2017a). We de-
rive the best Schechter function fit here.
at 0.03 ≤ z ≤ 0.10 from SDSS spectroscopy. This σ-
complete sample contains a complete set of quiescent
galaxies with σ larger than the σ measurement limit of
SDSS. The use of σ-complete sample significantly reduces
systematic bias in the field VDF measurements. They
show that the field and the cluster (Coma and A2029)
VDFs are consistent at log σ < 2.4 (σ ∼ 250 km s−1), but
the cluster VDFs show a significant excess at log σ > 2.4.
We compare the cluster VDFs with the field VDF from
Sohn et al. (2017b). We use the same definition of σ and
quiescent galaxy selection (Dn4000 > 1.5) as used in
Sohn et al. (2017b). We scale the field VDF and cluster
VDFs to allow a clearer comparison of the VDF shapes.
Figure 11 compares the field and cluster VDFs. We
plot the cluster VDFs averaged in M200 bins. The clus-
ter VDFs show an excess at log σ > 2.4 compared to
the field VDF regardless of the cluster mass. Coma and
A2029 VDFs show a similar excess relative to the field
(Sohn et al. 2017a). The excess results from the presence
of multiple galaxies usually including the BCG with high
σ in each cluster. This excess in clusters relative to the
field population is also present in the galaxy luminos-
ity functions (Christlein & Zabludoff 2003; Lin & Mohr
2004; Barrena et al. 2012). Large σ (or high mass) galax-
ies, whether or not they are the BCG, are relatively more
abundant in clusters than in the field.
5. ORIGINS OF THE CLUSTER VELOCITY DISPERSION
FUNCTION EXCESS
The cluster velocity dispersion functions we derive re-
veal two interesting features. All of the cluster VDFs
exceed the field VDF at log σ ≥ 2.4; this excess is consis-
tent with the excess seen in local massive cluster VDFs
(Sohn et al. 2017b). We also show that the slope of the
cluster VDF at log σ > 2.2 depends on cluster mass. We
explore the physical properties of large σ galaxies in Sec-
tion 5.1. In Section 5.2, we discuss current theoretical
models for the origin of the cluster VDFs. We discuss
observational limitations and the interpretation of the
cluster VDFs in Section 5.3.
5.1. Spatial Distribution of Large σ Galaxies
The cluster VDFs exceed the field VDF for log σ ≥
2.4. These large σ galaxies are generally brighter, older
galaxies, and they are more concentrated towards the
cluster center than cluster members with lower σ.
The detailed spatial distribution of the cluster mem-
bers with log σ > 2.4 including those at outside R200
provides clues to the origin of the VDF excess. Figure
12 shows number density maps (contours) for the spec-
troscopic members in each cluster. Red circles mark the
location of large σ galaxies with log σ > 2.4 that con-
tribute to the excess in the cluster VDFs. These large σ
galaxies are concentrated towards the cluster center, con-
sistent with Figure 5 (c). We also show the location of
the cluster members with log σ > 2.4 outside R200 with
blue symbols.
The numbder density maps of some clusters show local
density peaks (magenta circles in Figure 12). These local
density peaks are typically ∼ 200 times denser than the
mean number density of spectroscopic members at the
same clustercentric distance. These local density peaks
often correspond to cluster substructures. For exam-
ple, Sohn et al. (2019a) explore the spatial distribution
of A2029 members (their Figure 5); there are two dense
substructures in the infall region (Rcl/R200 ∼ 1.3− 1.6).
These substructures also appear in both X-ray and weak
lensing maps. Sohn et al. (2019b) demonstrate that the
infalling substructures will be accreted onto the main
cluster within 2-3 Gyr timescale. Similarly, the local
density peaks we identify in the number density maps
of cluster galaxies are potential infalling substructures
because they are contained within the caustics.
We check the X-ray visibility of the local density peaks
in the member density maps. X-ray images of these
clusters from the ROSAT all-sky survey are too shallow
to identify X-ray substructures. Hashimoto et al. (2007)
use Chandra images to investigate the X-ray properties
of six clusters in our sample (see also Hashimoto et al.
2014). However, the substructures we identify are not
covered by the Chandra images. There are XMM images
of all of our target clusters. Similar to Chandra images,
the XMM images do not cover the region where we iden-
tify local peaks.
Haines et al. (2018) use XMM X-ray images to iden-
tify eight infalling groups in four clusters in our sample
(A2390, A1835, A68, A611; large blue circles in Figure
10
Figure 7. Flow chart summarizing the derivation of the cluster velocity dispersion functions.
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Figure 9. Cluster velocity dispersion functions compared to
Coma and A2029.
12). Because these X-ray groups are close to the clus-
ter center, where the galaxy density is high, they do not
stand out in the galaxy number density maps. There are
four X-ray groups where the brightest group galaxy has
log σ > 2.4. For the remaining four X-ray groups, the
brightest galaxies are all quiescent (Dn4000 ≥ 1.7), but
the σs are not extreme (2.2 < log σ < 2.4).
Interestingly, large σ galaxies located outside R200
(blue circles in Figure 12) often trace the potentially in-
falling substructures; these objects are excluded from the
VDF measurements. For example, large σ galaxies mark
the center of each group in the cases of A2390, A1703,
and RXJ 2129. Indeed, these large σ galaxies are the
brightest galaxies among the cluster members in the in-
falling substructures.
However, some infalling groups do not contain these
large σ galaxies. A773, for example, has four poten-
tially infalling substructures, but only two of these sub-
structures have large σ galaxies at their centers. The
brightest galaxies in the other two substructures have
σ < 250 km s−1; these objects are not quiescent galaxies
with Dn4000 < 1.5. We note that the infalling groups
may be at different evolutionary stages. For example,
Sohn et al. (2019a) show that the galaxy composition of
two infalling group associated with the massive cluster
A2029 differ significantly despite their similar mass. One
group contains only a quiescent old population and the
other consists mostly of star-forming objects.
The association between large σ galaxies and infalling
structures suggests that many large σ objects were cen-
tral galaxies formed in a massive subhalo. Thus, we sug-
gest that many large σ galaxies within R200 were orig-
inally central galaxies in accreted substructures. Previ-
ous work suggests a similar origin for massive galaxies
in clusters based on the luminosity distribution of bright
galaxies (e.g., Lin & Mohr 2004; Lauer et al. 2014).
5.2. Theoretical Guidance
The large σ excess in the cluster VDFs provides po-
tentially important tests of massive galaxy cluster for-
mation models. The variation in the abundance of mas-
sive galaxies that depends on cluster mass suggests a
connection between the evolution of a cluster and its
most massive members. Several studies identify trends
in cluster luminosity functions that are similar to the
trends in the velocity dispersion function (Lin & Mohr
2004; Barrena et al. 2012). These studies also suggest
that massive galaxy formation may be tightly connected
to the mass assembly history of the host clusters.
Lin & Mohr (2004) propose that the main cluster
BCGs grow through mergers with brightest group galax-
ies (BGGs) in accreted groups. They first show that
luminous galaxies (brighter than L∗) are more abun-
dant in less massive clusters. These luminous galaxies
in less massive systems are bright and abundant enough
to supply the luminosity needed for BCG growth as a
more massive cluster accretes infalling groups. Merg-
ers between the BCG at the cluster center and BGGs
in infalling groups may be facilitated by the large size
of BCGs and the shorter dynamical friction time scale
that brings the BGGs into the cluster core. Based on N-
body simulations, Tormen et al. (1998) show that large
satellites fall into the cluster center and lose their iden-
tity thus producing preferential mergers between galaxies
that formed as BCGs.
Barrena et al. (2012) suggest a similar scenario based
on comparison between luminosity functions of relaxed
and unrelaxed clusters. They also show that relaxed clus-
ters contain fewer bright galaxies (Mr < −22.5), consis-
tent with our observation of steeper VDF slopes for more
massive clusters that are generally more relaxed (e.g.,
A2390).
Extensive theoretical work focuses on BCG and
massive galaxy formation. Mechanisms include cool-
ing flows (Cowie & Binney 1977), galaxy mergers
(Boylan-Kolchin et al. 2005, 2006; De Lucia & Blaizot
2007; Naab et al. 2009; Oser et al. 2010; Laporte et al.
2012; Lee & Yi 2013; Rodriguez-Gomez et al. 2016;
Nipoti 2017), and AGN feedback (Hopkins et al. 2010;
Ragone-Figueroa et al. 2013; Bahe´ et al. 2017). Al-
though massive galaxy formation is too complex to ex-
plain with a single mechanism, numerical simulations
and semi-analytic models suggest that galaxy mergers
account for most of the mass growth of early-type (qui-
escent) galaxies at z < 2. The ‘accreted’ stellar mass
fraction of galaxies is typically high (60−80%, Oser et al.
2010), and this fraction is higher for more massive galax-
ies (Lee & Yi 2013; Rodriguez-Gomez et al. 2016).
“Dry” dissipationless mergers are the favored expla-
nation for the mass growth of quiescent galaxies. Dry
merger simulations match the observed properties of
massive quiescent galaxies including sizes, shapes, stellar
population ages, and kinematics (Khochfar & Burkert
2003; Boylan-Kolchin et al. 2005, 2006; Naab et al. 2006;
De Lucia & Blaizot 2007; Lee & Yi 2013; Oogi et al.
2016; Lapi et al. 2018). Dry merger simulations also ac-
count for BCG formation at z < 1 (De Lucia & Blaizot
2007), although some simulations suggest that the mass
and age evolution of BCGs require the inclusion of
some in situ star formation activity at low redshift (e.g.,
Tonini et al. 2012; Ragone-Figueroa et al. 2018).
The mass assembly history of galaxy clusters directly
affects the cluster VDFs. In the hierarchical structure
formation model, galaxy clusters grow through accre-
tion of surrounding substructures. Because these sub-
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structures tend to contain massive central galaxies (pre-
processing, Beers & Geller 1983; Zabludoff & Mulchaey
1998; Moran et al. 2007; Cybulski et al. 2014; Bahe´ et al.
2019; Just et al. 2019), the accretion history is clearly
linked to the abundance of massive galaxies in clusters.
Many numerical simulations show that the mass as-
sembly history depends on the cluster halo mass. For
a massive halo of ∼ 1015M⊙, like the clusters in
our sample, the mass of the halo has typically dou-
bled since z ∼ 0.5 (Zhao et al. 2009; McBride et al.
2009; Fakhouri et al. 2010; van den Bosch et al. 2014;
De Boni et al. 2016; Pizzardo et al. 2020). However,
more importantly, the mass accretion history is highly
stochastic (De Boni et al. 2016; Haines et al. 2018); Fig-
ure 16 of Haines et al. (2018) demonstrates the stochastic
mass accretion of massive cluster halos in the Millennium
Simulations. Based on these simulations, we infer that
a cluster acquires massive galaxies through the accretion
of neighboring substructures although the frequency of
this accretion varies from cluster to cluster.
Martel et al. (2014) display an example of BCG and
related massive galaxy evolution as a cluster grows by
accreting surrounding structures. In their N-body sim-
ulation, a cluster forms at z = 0.54 through a merger
of three massive structures. The central galaxy in one
of the progenitors migrates toward the center of clus-
ter and becomes the BCG of the integrated cluster. At
z = 0, the cluster is dynamically relaxed and harbours
the descendant of this BCG at its center. Many massive
galaxies (> 1010M⊙) also appear in the cluster center
accompanying the clumpy dark matter substructures.
Numerical simulations inform our understanding of the
shapes of cluster VDFs because they allow us to trace
the formation and evolution of massive (large σ) galax-
ies (e.g., Martel et al. 2014). Many studies investigate
the luminosity increase and stellar mass growth of BCGs
in massive cluster halos. However, estimation of galaxy
luminosity and stellar mass in simulations is difficult
due to the complexity of the underlying baryonic physics
(e.g., feedback, Ragone-Figueroa et al. 2013; Bahe´ et al.
2017). In contrast, estimation of the velocity dispersion
of stellar particles in the simulations is less dependent
on the details of the baryonic physics. For example,
the impact of minor mergers on the central velocity dis-
persion is small compared to the effect on the stellar
mass and/or luminosity (Cox et al. 2006). Direct esti-
mation of σ in the simulations and the VDF mimick-
ing the observations (Zahid et al. 2018) could enhance
the understanding of massive galaxy evolution in clus-
ters. Recent much larger simulations include enough
massive clusters to enable this type of statistical study
(e.g., Illustris TNG-300, Springel et al. 2018). Numerical
simulations do have some limitations including ‘subhalo
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Figure 12. Number density maps of spectroscopically identified members in each cluster. Black dashed circles show R200. Red and
blue circles mark the locations of galaxies σ ≥ 250 km s−1 within R200 and outside R200, respectively. Large magenta circles indicate the
substructures we identify based on the number density map of spectroscopic members. Large blue circles indicate the X-ray subsystems
identified in Haines et al. (2018).
overmerging’ (van den Bosch 2017; van den Bosch et al.
2018). Nonetheless they are an important guide because
the velocity stellar velocity dispersion is a good proxy for
the halo velocity dispersion.
5.3. Observational Limitations and the Interpretation of
Cluster VDFs
A comprehensive interpretation of the observed cluster
VDFs is challenging. A broad set of observations is re-
quired to develop a complete picture given the complex
theoretical landscape. Issues range from the selection of
the cluster sample to the inclusion of galaxy radii, galaxy
shapes, the intracluster light, the distribution of massive
cluster members, the role of AGN, and possibly spatially
resolved spectroscopy of the cluster members. We briefly
comment on several of these issues.
First, we note that our sample clusters were selected
because they possess prominent strong lensing arcs in
HST images. The strong lensing features require high
projected mass concentration. The strong mass con-
centration toward the cluster center may be related to
the cluster evolutionary stage. Thus, sampling based on
lensing features could introduce a selection bias. Mea-
suring VDFs of a much larger sample of clusters (e.g.,
HeCS-omnibus) would resolve this issue. The detec-
tion of similar behavior in luminosity functions (e.g.,
Lin & Mohr 2004; Barrena et al. 2012) provides some re-
assurance that the results we obtain are general.
We also lack size and shape measurements for the large
σ cluster members. The size and shape measurements
can provide critical observational evidence of massive
galaxy growth through dry mergers (e.g., Bernardi et al.
2007). Furthermore, robust measurements of galaxy
sizes allows constraints on the mechanisms for quiescent
galaxy evolution in massive clusters based on the funda-
mental plane (e.g., Fraix-Burnet et al. 2010) and/or the
size-mass relation (e.g., Kuchner et al. 2017). The deter-
mination of the sizes and shapes of cluster members is
very challenging (e.g., Bernardi et al. 2013) and requires
a separate investigation.
Recent theoretical and observation works suggest that
intracluster light (ICL) is critical for elucidating the mass
assembly of BCGs and their host clusters. Intracluster
baryonic matter is distributed throughout clusters during
active mass accretion. Because the BCG generally sits at
or near the bottom of the cluster potential well, the ICL
often appears as a halo around the BCG. Separating the
BCG itself from the intracluster baryons/light is a chal-
lenge from both the theoretical and observational per-
spectives (e.g., Napolitano et al. 2003; Arnaboldi et al.
2004; Murante et al. 2004; Mihos et al. 2005). Nonethe-
less, the amount of ICL and its distribution are a po-
tential clue to understand the evolutionary track of the
cluster. Indeed, Dolag et al. (2010) show that ICL is
prominent in clusters with an early formation time.
Despite the current observational limitations, the clus-
ter VDF is an important tool. Measuring σ has some
clear advantages over measuring luminosity or stellar
mass, particularly in the cluster environment. For ex-
ample, deriving good photometry, and the related stellar
mass based on the photometry in a crowded region is
not straightforward (Bernardi et al. 2013). In contrast,
measurement of the central stellar velocity dispersion is
relatively straightforward and is insensitive to crowding
and to the choice of underlying models (i.e., the stellar
population models and star formation histories used for
stellar mass estimation).
Based on the VDFs and the spatial distribution of the
massive cluster members, we sketch an evolutionary pic-
ture. The association between large σ galaxies and in-
falling structures suggests that massive galaxies initially
formed in massive group/cluster halos. As the main
cluster incorporates other group/cluster halos, massive
galaxies are accreted that were once central galaxies in
their own halo. During this process, dry dissipationless
mergers between the main BCG and other galaxies, in-
cluding those accreted as members of infalling groups,
occur. Dry dissipationless mergers account for a small
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increment in the BCG σ (Cox et al. 2006). Both the
number of large σ galaxies and the σ of the BCGs thus
depend on the accretion history of the entire cluster.
This simple picture explains key features of the VDFs.
At high velocity dispersion, cluster VDFs have a signifi-
cant excess compared with the field VDF because large
σ galaxies form preferentially in clusters and neighboring
substructures that are subsequently accreted. The clus-
ter VDF excess is preserved or even enhanced when a
cluster merges or accretes substructures containing large
σ galaxies. If a cluster predominantly accreted galax-
ies from the surrounding field environment, the cluster
VDF excess would be diluted as the cluster evolved. In
fact, the demonstration of ‘preprocessing’ in less mas-
sive groups supports the idea that mass growth occurs in
these environments.
The massive clusters in our sample have presumably
accreted many groups/substructures over the cluster life-
time. Furthermore, massive clusters accrete more than
their less massive counterparts. The formation of mas-
sive clusters occurs earlier. Thus the BCG in the most
massive clusters has enough time to merge with other ac-
creted large σ galaxies. Our observations like all others
show that the massive galaxies are old and thus mergers
are predominantly dry whether they are major or minor.
In a less massive cluster, the accretion of large σ galaxies
originating in substructures would have occurred more
recently. Less massive clusters have developed more re-
cently. In these systems, large σ galaxies survive longer
(or fall into the clusters recently) thus producing a shal-
lower cluster VDF slope at large σ.
6. CONCLUSION
The central stellar velocity dispersion of a galaxy is a
remarkably good proxy for the central velocity disper-
sion of the host dark matter halo (van Uitert et al. 2013;
Zahid et al. 2018; Utsumi et al. 2020). Thus the veloc-
ity dispersion function can provide interesting insights
about galaxy formation and evolution that complement
the more traditional luminosity and stellar mass func-
tions.
We derive velocity dispersion function for quiescent
galaxies in 9 massive clusters in the redshift range 0.18 <
z < 0.29. All of these clusters produce strong lensing arcs
in HST images. We use the same approach to measure
the cluster VDFs as in previous field and cluster VDFs
(Sohn et al. 2017a,b). Compared to the field VDF, the
cluster VDFs show a significant excess for galaxies with
log σ > 2.4 (σ & 250 km s−1). The VDFs of two local
massive clusters, Coma and A2029, show a similar excess
of large σ galaxies. The large σ excess generally includes
the brightest cluster galaxy and a number of other large
σ galaxies. These objects are rare; they are bright, old
(large Dn4000) galaxies.
We draw these conclusions from dense spectroscopic
surveys with MMT/Hectospec and SDSS. In each clus-
ter, we identify ∼ 380 (∼ 185) spectroscopic members
(within R200). We measure the spectroscopic properties
of cluster members including the redshift, absolute mag-
nitude, Dn4000, and the velocity dispersion within 3 kpc.
We include these properties of the 3419 cluster members
here.
The spatial distribution of large σ cluster members
illustrates another interesting connection between mas-
sive galaxies and cluster substructure. Large σ galaxies
within R200 are concentrated toward the cluster center.
Interestingly, large σ galaxies outside R200, not included
in the VDF measurements, trace the local density peaks
of cluster members at R > R200. These outlying density
peaks are presumably infalling groups because they lie
between the caustics that define the cluster population.
The spatial distribution suggests that large σ galaxies
form in the centers of neighboring massive halos; they
are eventually accreted onto the main cluster.
The slope of the cluster VDFs is a function of the clus-
ter mass. The VDF of a more massive cluster tends to
have a steeper slope for log σ > 2.2. In other words, more
massive clusters tend to have a smaller fraction of galax-
ies with large σ than less massive clusters. Lin & Mohr
(2004) and Barrena et al. (2012) report a similar trend
in the luminosity function of cluster galaxies.
The excess of large σ galaxies in the cluster VDFs is a
potentially important test of formation models for mas-
sive cluster members. The dependence of the VDF slope
on cluster mass suggests a relationship between the evo-
lution of a cluster and its massive members. However,
a comprehensive interpretation of the observed cluster
VDF is challenging because a larger set of observations
including, for example, the sizes and shapes of cluster
galaxies, are critical for a full comparison with galaxy
evolutionary scenarios.
We draw an evolutionary picture of galaxy clusters and
their massive members based on the VDFs and theo-
retical models. A cluster grows by accreting neighbor-
ing massive halos containing their own massive central
galaxies. The newly accreted halos fall toward the clus-
ter center. During this process, the BCG grows through
dry mergers with other massive galaxies in the accreted
halos. Minor mergers are an additional source of BCG
growth. This picture is consistent with many theoretical
models.
Future large spectroscopic surveys (e.g., the DESI sur-
vey, 4MOST, Subaru Prime Focus Spectrograph Survey)
will allow us to extend the current VDFs to smaller veloc-
ity dispersion. They will also enable a direct evolutionary
probe by enabling the determination of VDFs for clusters
at different redshifts with a wide range of masses. The
derivation of VDFs from large simulations would provide
an important benchmark for these future observations.
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